Introduction {#s1}
============

Parkinson\'s disease (PD) and essential tremor (ET) are common movement disorders, especially among older adults ([@B1]). PD is characterized by motor symptoms including bradykinesia, resting tremor, and rigidity, while ET often manifests as isolated tremor in the bilateral upper limbs. Although they are distinct entities, these two movement disorders may share some clinical characteristics, such as non-motor features and resting/postural tremor, as well as genetic and pathological mechanisms ([@B2], [@B3]). Hence, the differentiation of PD and ET remains challenging, especially early in the disease course.

Neuroimaging may aid in the differentiation of the two movement disorders. Dopamine transporter (DAT) imaging of the striatum is recommended in the differential diagnosis of PD ([@B4]). However, DAT imaging is expensive, subjects the patient to low doses of radiation, and is only available in specialized centers, limiting its clinical application. In contrast, MRI is widely available and does not subject the patient to radiation. Recent studies have provided evidence that MRI biomarkers may aid in the diagnosis of movement disorders ([@B5], [@B6]) and help to reveal the pathological changes correlated with motor and non-motor symptoms ([@B7]).

The pathological hallmarks of PD include progressive neurodegeneration of dopaminergic neurons and iron overload in substantia nigra (SN) ([@B8]). In contrast, whether ET is a degenerative disease is still debated, although some studies suggest that it is associated with cerebellar degeneration ([@B9]). Dopaminergic neurons in the SN contain a black pigment called neuromelanin (NM). Based on the paramagnetic properties of NM, high-resolution T1-weighted fast spin echo (FSE) imaging at high field strength (e.g., 3T) can visualize NM-generated contrast. This technique is referred to as neuromelanin-sensitive MRI (NM-MRI) ([@B10]). Previous studies have indicated that the signal intensity of NM is decreased in patients with PD ([@B10], [@B11]), even in the early stage of the disease ([@B12]), while it remains unchanged in patients with ET ([@B13], [@B14]), when compared with that in healthy controls. In addition, nigrosome-1 (N1), the largest of the five described nigrosomes, is most affected in patients with PD (\~98% neuronal loss in N1) ([@B15]). N1 represents the pockets of high signal intensity in the dorsal part of the healthy SN, at intermediate and caudal levels on high resolution T2^\*^/SWI, and can be visualized as a "swallow-tail sign" ([@B16], [@B17]). However, hyperintensity of N1 is absent in most patients with PD ([@B17]), possibly due to increases in iron deposition that occur in parallel to the loss of dopaminergic cells ([@B16]). Quantitative susceptibility mapping (QSM) may overcome several non-local restrictions of SWI and phase imaging, allowing for the quantification of iron content ([@B18], [@B19]). Indeed, this method may be more sensitive for detecting iron-related changes in patients with PD ([@B20]). To our knowledge, however, no studies have investigated N1 appearance in patients with ET.

Unlike voxel-based morphometry, diffusion tensor imaging, or blood oxygenation level-dependent imaging, which require complicated post-processing or quantitative measurements, NM on NM-MRI and N1 on QSM can be assessed visually, making these methods feasible for clinical application. To the best of our knowledge, no previous studies have investigated the combination of these two MR sequences for the differential diagnosis of PD and ET. In the current study, we aimed to evaluate whether visual analyses of NM imaging using NM-MRI combined with N1 imaging using QSM in the SN are of diagnostic value in the differentiation of *de novo* PD from untreated ET.

Participants and Methods {#s2}
========================

Participants
------------

Sixty-eight patients with *de novo* PD, 25 patients with untreated ET, and 34 healthy controls were voluntarily recruited between September 2016 and April 2018. Patients with PD were diagnosed in accordance with MDS clinical diagnostic criteria for PD ([@B4]), while patients with ET were diagnosed in accordance with the criteria outlined in the Consensus Statement of the Movement Disorders Society on Tremor ([@B21]), by two movement specialists (J.L.R. and H.Z.). All patients were drug naïve. All control participants were recruited as volunteers from the community and had no history of neurological/psychiatric disorders. Exclusion criteria were as follows: history of other neurological/psychiatric disorders, severe infection, liver dysfunction, renal insufficiency, past/current substance abuse, tremor-related dysmetabolism including thyroid dysfunction and drug toxicity, and abnormal signals that affected further analyses on structural MRI. Unified Parkinson\'s Disease Rating Scale (UPDRS) motor scores were obtained for all patients with PD and ET. This study was approved by the Committee on Medical Ethics of Zhongshan Hospital, Fudan University. Written informed consent was obtained from all participants.

MRI Protocol and Imaging Analysis
---------------------------------

### Imaging Protocol

All MR images were acquired using a 3T MR unit (Discovery™ MR750, GE Healthcare, Milwaukee, WI). A T1-weighted fast spin-echo sequence was obtained for NM-MRI images, as previously described ([@B22]), and the imaging parameters were as follows: repetition time/echo time (TR/TE), 600/13 ms; echo-train length, 2; section thickness, 2.5 mm, with no intersection gap; number of slices, 16; matrix size, 512 × 320; field-of-view (FOV), 220 mm; NEX, 5. A three-dimensional multi-echo GRE sequence was used to acquire T2^\*^-weighted images, and the scanning parameters were as follows: TR: 51.5 ms; number of echoes, 16; first TE, 2.9 ms; TE spacing, 3 ms; bandwidth, 62.50 kHz; flip angle, 12°; FOV, 22 cm; matrix, 220 × 220; slice thickness, 2 mm; acceleration factor, 2; slices, 66. Afterwards, the QSM images were reconstructed from T2^\*^-weighted images as described in previous studies ([@B20]). In addition, conventional MRI sequences including T1-weighted images, T2-weighted fluid-attenuated inversion recovery (FLAIR) images, and diffusion-weighted images (DWI) were obtained to exclude other pathological imaging findings that may have interfered with further assessment. The axial sections were scanned parallel to the anterior commissure-posterior commissure line with whole-brain coverage for QSM and routine MRI scans, and with coverage from the posterior commissure to the pons for NM-MRI.

### Visual Analysis of Imaging Data

The NM-MR images were transferred to a workstation (ADW4.6, GE Healthcare) and displayed using certain settings (window width: 400, window level: 800--900) for analysis. The method for visual analysis was based on that described in a previous study ([@B23]), with modifications. We classified NM-MR images according to an 3-point ordinal scale, as follows: 0, normal view of the SN with high signal intensity bilaterally and no volume loss, indicating a healthy SN; 1, possible abnormality with reduced signal or volume of the SN unilaterally or bilaterally, indicating possible SN pathology; 2, definite abnormality with reduced signal or volume of the SN, indicating SN pathology ([Figure 1](#F1){ref-type="fig"}).

![NM-MRI and QSM images. **(A--C)** represent the normal, possibly abnormal, and definitely abnormal SN on NM-MRI, respectively. Nigrosome-1 (N1) could be visualized in the dorsal part of the healthy SN on QSM images (**D**, arrow). **(D--F)** represent that N1 was present, indecisively present and absent, respectively. **(G,H)**, a control subject, female, 65 years, neuromelanin was normal **(G)** and N1 was present (**H**, arrow) in bilateral SN. **(I,J)**, an ET patient, 59 years, female, neuromelanin was normal **(I)** and N1 was present (**J**, arrow) in bilateral SN. **(K,L)**, a *de novo* PD patient, 75 years, female, neuromelanin was definitely abnormal in unilateral SN (**K**, arrowhead) and N1 was absent in bilateral SN **(L)**.](fneur-10-00100-g0001){#F1}

QSM data were transferred to a local computer, and images were viewed using MRIcro software (Version: 1.40 build 1). N1 was visualized as an oval-shaped area of low signal intensity surrounded by hyperintensity on QSM in the dorsal part of the healthy SN, at intermediate and caudal levels. Visual analysis of N1 was performed using a 3-point ordinal scale, as follows: 0, normal, N1 present bilaterally; 1, non-diagnostic, indecisive presence of N1 unilaterally or bilaterally; 2, pathological, N1 absent bilaterally ([Figure 1](#F1){ref-type="fig"}). Two radiologists (rater 1: W.J. and rater 2: L.D.L.), who were blinded to participants information, independently performed visual analyses twice, with an interval of at least 7 days. The intra- and inter-rater agreement of visual scores was determined using weighted kappa values. For the conflicting cases between the two raters, visual analyses were conducted by a third radiologist (with 30 years of experience) to acquire a final rating for statistical analyses.

Statistical Analyses
--------------------

The results were expressed as the mean ± SD. One-way analyses of variance (ANOVA), Mann-Whitney *U*-test, and chi-square test were used to compare demographic data. Logistic regression analyses were employed to estimate the combined predicted probabilities of the visual ratings for NM and N1. Diagnostic performances in visual assessments of NM and N1, separately, and in the predicted probabilities were analyzed using receiver operating characteristic (ROC) curves. The chi-square test was used to compare the area under the curve (AUC) values of the different diagnostic models. The level of significance was set to 0.05, and all tests were two-sided. Statistical analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago IL) and Stata/SE version 14.0 (StataCorp LP).

Results {#s3}
=======

Demographic and Clinical Data
-----------------------------

The demographic and clinical characteristics of all participants are summarized in [Table 1](#T1){ref-type="table"}. No significant differences in gender, age, Mini Mental State Examination (MMSE) scores, or Montreal Cognitive Assessment (MoCA) scores were observed among the three groups. Disease duration was significantly longer in patients with ET than in patients with PD (*p* \< 0.001), although there was no significant difference in UPDRS tremor scores between the ET and PD groups. All patients with PD had mild disease severity (Hoehn and Yahr stages 1 to 2).

###### 

Clinical data for patients with PD, patients with ET, and controls.

                             **PD group**   **ET group**    **Control group**   ***p*-value**
  -------------------------- -------------- --------------- ------------------- -------------------------------------------
  Gender (M/F)               28/40          10/15           13/21               0.960
  Age (years)                64.54 ± 9.67   61.12 ± 11.16   63.53 ± 7.81        0.311
  MMSE score                 27.75 ± 2.71   28.63 ± 1.86    28.80 ± 1.38        0.069
  MoCA score                 24.98 ± 3.75   25.83 ± 3.28    26.33 ± 2.28        0.165
  Disease duration (years)   1.86 ± 1.68    8.60 ± 7.85                         \< 0.001[^\*^](#TN1){ref-type="table-fn"}
  UPDRSIII tremor scores     2.06 ± 1.74    3.67 ± 3.27                         0.063

*Significantly different; PD, Parkinson\'s Disease; ET, Essential Tremor; MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; UPDRS, United Parkinson\'s Disease Rating Scale*.

Visual Analyses of the SN on NM-MRI and N1 on QSM
-------------------------------------------------

The proportion of conflicting cases was 22.8% (29/127) for NM-MRI analyses and 11.8% (15/127) for N1-QSM analyses for rater 1. For rater 2, the proportion of conflicting cases was 28.3% (36/127) for NM-MRI analyses and 22.0% (28/127) for N1-QSM analyses. The proportion of conflicting cases between the two observers was 25.2% (32/127) for NM-MRI analyses and 24.4% (31/127) for N1-QSM analyses. Thus, the weighted kappa coefficient was calculated to evaluate intra- and inter-rater agreement for visual analyses. For rater 1, intra-rater agreement values for NM and N1 were 0.837 and 0.903, respectively. For rater 2, intra-rater agreement values for NM and N1 were 0.828 and 0.815, respectively. Furthermore, the inter-rater agreement was 0.827 for NM and 0.777 for N1. Thus, visual analyses were highly consistent.

For NM visual analysis, scores were 0 in 8 patients with PD (11.8%), 1 in 27 patients with PD (39.7%), and 2 in 33 patients with PD (48.5%). In the ET group, NM scores were 0 in 20 patients (80.0%) and 1 in 5 patients (20.0%). In the control group, NM scores were 0 in 30 participants (88.2%) and 1 in 4 participants (11.8%) ([Figure 2A](#F2){ref-type="fig"}). NM scores of 2 were not observed in the ET and control groups, and the proportion of NM ratings did not significantly differ between these two groups (*p* = 0.385). However, the proportion of NM ratings in the PD group differed significantly from that in the ET group (*p* \< 0.001).

![Visual scores (3-point ordinal scale) for patients with PD, patients with ET, and controls. **(A)** Visual scores for neuromelanin. **(B)** Visual scores for nigrosome-1. Note that no definitely abnormal neuromelanin signals (score: 2) were observed in the ET and control groups, and the frequency of nigrosome-1 absence (score: 2) was significantly lower in the ET group than in the PD group (*p* \< 0.001).](fneur-10-00100-g0002){#F2}

N1 scores were 0 in 3 patients with PD (4.4%), 1 in 11 patients with PD (16.2%), and 2 in 54 patients with PD (79.4%). In the ET group, N1 scores were 0 in 11 patients (44.0%), 1 in 12 patients (48.0%), and 2 in 2 patients (8.0%). In the control group, N1 scores were 0 in 10 participants (29.4%), 1 in 19 participants (55.9%), and 2 in 5 participants (14.7%) ([Figure 2B](#F2){ref-type="fig"}). The proportion of N1 ratings in the ET group did not significantly differ from that in controls (*p* = 0.454). However, the proportion of patients with N1 scores of 2 was significantly lower in the ET group than in the PD group (*p* \< 0.001). Representative images obtained from patients with PD and ET and controls are presented in [Figure 1](#F1){ref-type="fig"}.

Diagnostic Performances of Visual Analyses of NM and N1, and of the Predicted Probabilities Combining the Two Biomarkers
------------------------------------------------------------------------------------------------------------------------

Based on our findings, we then employed ROC analysis to assess the diagnostic values of several models for differentiating PD from ET. The AUC of NM-MRI (model 1) for differentiating PD from ET was 0.890 (95% CI 0.822, 0.958), and the sensitivity and specificity were 0.882 and 0.800, respectively, when the cutoff value for NM scores was set to ≥1. The AUC of N1 on QSM (model 2) for differentiating PD from ET was 0.882 (95% CI 0.802, 0.962), and the sensitivity and specificity were 0.794 and 0.920, respectively, when the cutoff value for N1 scores was set to 2. No significant differences in AUC values were observed between these two models (*p* \> 0.05, [Table 2](#T2){ref-type="table"}).

###### 

Diagnostic models for differentiating PD from ET.

                                                                             **AUC**   **Std. Err**.   **95% CI of AUC**   **Cutoff value**   **Sensitivity**   **Specificity**
  -------------------------------------------------------------------------- --------- --------------- ------------------- ------------------ ----------------- -----------------
  Model 1[^a^](#TN2){ref-type="table-fn"}                                    0.890     0.035           0.822 0.958         ≥1                 0.882             0.800
  Model 2[^b^](#TN3){ref-type="table-fn"}[^\#^](#TN4){ref-type="table-fn"}   0.882     0.041           0.802 0.962         =2                 0.794             0.920
  Model 3[^c^](#TN5){ref-type="table-fn"}[^§^](#TN6){ref-type="table-fn"}    0.933     0.026           0.883 0.983         0.848              0.809             0.960
  Model 4[^d^](#TN7){ref-type="table-fn"}[^\$^](#TN8){ref-type="table-fn"}   0.935     0.026           0.884 0.986         0.704              0.853             0.920

*Model 1: NM*.

*Model 2: N1*.

*No significant difference was observed between the AUCs of Model 1 and Model 2*.

*Model 3: predicted probabilities. Log it = −2.176 + 1.923 × NM + 1.429 × N1*.

*The AUC of model 3 was significantly higher than that of Model 1*.

*Model 4: predicted probabilities. Log it = −1.499 + 2.014 × NM -- 1.194 × N1 + 1.267 × N1^2^*.

*The AUC of model 4 was significantly higher than those of Model 1 and Model 2*.

*PD, Parkinson\'s Disease; ET, Essential Tremor; NM, Neuromelanin; N1, Nigrosome-1; AUC, Area Under the Curve*.

We calculated the predicted probabilities using logistic regression to further explore the diagnostic performance of these two biomarkers. Model 3 was established using the predicted probabilities obtained by simply combining these two biomarkers (Log *it* = −2.176 + 1.923 × NM + 1.429 × N1). The AUC of model 3 was 0.933 (95% CI 0.883, 0.983). The sensitivity and specificity of model 3 were 0.809 and 0.960, respectively, when the cutoff value was set to 0.848. The AUC of model 3 was significantly higher than that of model 1 (*p* = 0.009), whereas it did not significantly differ from that of model 2 (*p* = 0.051, [Table 2](#T2){ref-type="table"}). Furthermore, the specificity of model 3 was higher than those of model 1 and 2 while the sensitivity of model 3 was lower than that of model 1.

Model 4 was established using the predicted probabilities obtained by combining NM, N1, and N1^2^ (Log *it* = −1.499 + 2.014 × NM−1.194 × N1 + 1.267 × N1^2^). The AUC was 0.935 (95% CI 0.884, 0.986). The sensitivity and specificity of model 4 were 0.853 and 0.920, respectively, when the cutoff value was set to 0.704. The AUC of model 4 was significantly higher than those of model 1 (*p* = 0.041) and model 2 (*p* = 0.014). The sensitivity and specificity of model 4 were best among the four diagnostic models ([Table 2](#T2){ref-type="table"}). We further established model 5 using the predicted probabilities obtained by combining NM, N1, NM^2^, and N1^2^. However, the results of model 5 were not better than those of model 4 (data not shown). The ROCs of the four diagnostic models are shown in [Figure 3](#F3){ref-type="fig"}.

![The receiver operating characteristic (ROC) curves of the four diagnostic models.](fneur-10-00100-g0003){#F3}

Discussion {#s4}
==========

In the current study, we aimed to evaluate whether visual analyses of NM and N1 imaging in the SN are of diagnostic value in the differentiation of *de novo* PD from untreated ET. Patients with PD exhibited reduced signal intensity on NM imaging and an absence of N1 in the SN, relative to patients with ET and healthy controls. Moreover, when visual analyses of NM and N1 imaging were combined, the model exhibited high diagnostic accuracy for differentiating *de novo* PD from untreated ET. To date, although ET is a common neurological disease, the pathogenic mechanisms remain poorly understood ([@B24]), and there are no adequate diagnostic biomarkers. Our findings suggest that non-invasive neuroimaging studies may aid in the differential diagnosis of tremor disorders, particularly PD and ET.

NM plays an important role in the pathogenesis of PD ([@B25]). Previous MRI studies have indicated that NM signal intensity in the SN are decreased even in the early stages of PD ([@B22], [@B26]). NM has a high binding affinity for iron. However, Reimao et al. reported that there is no significant correlation between NM and iron content in the SN ([@B26]). A recent review demonstrated that the NM is not only directly involved in reactive oxygen species (ROS) reduction but also in Ca^2+^ homeostasis, with NM loss leading to the death of dopaminergic neurons ([@B27]). Consistent with our quantitative results, a previous analysis study ([@B14]) demonstrated that NM levels in the SN are not significantly decreased in patients with ET. Indeed, only 20% of patients with ET obtained scores of 1. All others obtained scores of 0. In contrast, 39.7 and 48.5% of patients with PD obtained scores of 1 and 2, respectively. These results may provide evidence against a possible pathogenic link between PD and ET.

Consistent with the findings of previous reports ([@B17]), our results indicated that N1 was absent on QSM images in 79.4% of patients with PD. While NM is known to participate in intra-cellular iron metabolism, loss of nigrosome signals may be related to iron deposition in the brain ([@B28]). At present, QSM is the optimal imaging method for quantifying iron content in the brain *in vivo* ([@B18], [@B20]). Thus, our findings indicated that iron overload occurs in N1 in patients with PD. Previous studies have indicated that changes in N1 can aid in the differential diagnosis of PD ([@B29]), as they can be observed in both the early and late stages of the disease ([@B17]). Our data also demonstrated the presence of N1 in most patients with ET, in contrast to our findings for patients with PD.

To date, several studies have indicated that ET is likely to be a neurodegenerative disease, especially affecting cerebellar system proven by clinical, neuroimaging, and postmortem studies ([@B30], [@B31]). In addition, patients with ET exhibit a 4-fold higher risk of developing PD than those without ET ([@B32]). One MRI T2^\*^-relaxometry study revealed that ET is associated with iron deposition in the SN ([@B33]). Another functional MRI study provided further evidence of neurodegeneration in patients with ET, reporting over-activation in the parietal cortex and dorsolateral prefrontal cortex ([@B34]). Mild abnormalities in striatal DATs have also been observed in patients with ET, along with a typical PD-like pattern of uptake loss ([@B35]). However, there is no loss of DAT binding over time in patients with ET, providing evidence against the neurodegeneration hypothesis ([@B36]). To our knowledge, our study is the first to report that the rate of N1 absence is significantly lower in patients with ET than in patients with PD, suggesting that ET is associated with a lower iron deposition than PD.

By combining our NM and N1 findings for patients with PD and ET, we developed diagnostic models for the differentiation of the two disorders. Molecular imaging techniques such as DAT imaging may further improve diagnostic accuracy. Novellino et al. reported that DAT-SPECT and MIBG scintigraphy findings are abnormal in patients with probable PD, while they are normal in patients with ET ([@B37]). Another study also reported that DAT imaging can be used to differentiate early-stage PD and ET with high sensitivity (84.4%) and specificity (96.2%) ([@B38]). However, this technology is not feasible for clinical application. Several transcranial sonography (TCS) studies have also aimed to distinguish patients with PD from those with ET ([@B38]--[@B41]), achieving moderate sensitivity and high specificity. Despite these results, recording failures due to an insufficient acoustic bone window may limit the use of TCS ([@B42]). A previous NM-MRI study reported sensitivity and specificity values of 67.7 and 93.3%, respectively, when high-signal areas in the SN were used to distinguish ET from PD ([@B13]). Because visual analysis is fast and more convenient for clinical applications, we performed visual analyses of NM and N1 to aid in the differential diagnosis of *de novo* PD and untreated ET. Sensitivity values were \>79% for both biomarkers, while specificity values were equivalent to 80 and \>90% for NM and N1, respectively. Despite the relatively good diagnostic ability of both visual assessments for NM and N1, further combining the two biomarkers may provide higher diagnostic accuracy in clinical practice for individual diagnosis. Indeed, the combination of both biomarkers achieved a sensitivity of 85.3% and specificity of 92%---values higher than those for each biomarker.

The present study possesses some limitations of note. First, the number of participants was relatively small, especially the number of patients with ET, and all participants were recruited from clinical settings. Therefore, replication in larger population-dwelling samples is warranted to confirm the effectiveness of the diagnostic models used in our study. Second, NM-MRI acquisition times were relatively long in our study, which many patients may be unable to tolerate. However, a recent study introduced a three-dimensional NM-MRI sequence that took only slightly more than 4 min, which may facilitate clinical application of this method ([@B43]). Third, the analysis in our study was qualitative, which may be more suitable for clinical application, rather than quantitative. However, QSM can be used to quantify iron content ([@B20]), while NM content can be quantified on NM-MRI based on volume/width ([@B22], [@B44]). Further studies should therefore focus on the quantitative differences between PD and ET. Notably, the patients recruited in this study were all drug naïve, which eliminated the undefined confounding factors associated with medication use ([@B45]).

In conclusion, our findings indicated that visual analyses combing NM and N1 may represent a diagnostic biomarker for the differentiation of tremor disorders. Furthermore, our results suggest that iron deposition is greater in patients with PD than in those with ET.
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